Chemotactic cells of the bacterium Escherichia coli were marked asymmetrically by growth on a rich medium containing tetrazolium red. When this dye is reduced, it tends to form a refractile granule near one end of the cell, readily visualized by dark-field microscopy. In smoothswimming cells, the marker was found with equal probability in front or behind. In wild-type cells, tumbles changed the cell orientation nearly as often as not. Some cells formed flagellar bundles at one end more frequently than at the other, but the run-interval distributions were the same either way. We conclude that the sensory system does not favor one end of the cell over the other. Thus, chemoreceptors that appear in patches at only one pole do not serve as a nose.
Cells of the bacterium Escherichia coli are about 1 ,um in diameter by 2 ,um long. If motile and chemotactic, they swim steadily forward (run) about 30 ,um/s along paths roughly parallel to their longitudinal axes, move erratically with little net displacement (tumble), and then swim off in new directions chosen approximately at random (1). Cells run when pushed forward by a bundle of about six flagellar filaments, each rotating counterclockwise; they tumble when the direction of flagellar rotation changes, the bundle comes apart and the filaments move independently (2, 3) . Cells are equipped with chemoreceptors that monitor the concentrations of a variety of chemicals in the external environment, e.g., sugars and amino acids (4) . These measurements are made as a function of time (5, 6) . Cells compare concentrations measured over the past second with those measured over the previous 3 s and respond to the difference (7) : runs that carry cells in favorable directions are extended (1).
It was found recently by immunoelectron microscopy with antibodies against receptors for aspartate and serine and transducers for ribose/galactose (Tar, Tsr, and Trg) that these molecules are nonuniformly distributed (8) . Immunogold particles were found in thin sections ('0.1 gm thick) near the cytoplasmic membrane anywhere along the cell body; however, polar clusters were the most frequent (in nonseptating cells, 80% of membrane label at the poles and 81% in clusters predominantly at one pole). This led to the suggestion that E. coli might have a nose; i.e., localization of chemoreceptors in a patch at the leading end of a moving cell might be an effective chemotactic strategy (9) .
The advantage gained by putting the receptors in front, where they can interact with a few more molecules of ligand, would appear to be offset by the degradation in counting statistics resulting from reduction in detector size. E. coli is so small, and the efficiency of diffusion of small molecules over short distances is so great, that swimming has only a marginal effect on diffusive intake. For a spherical cell of radius a = 1 gm propelled at velocity v = 30 gm/s through a fluid containing molecules of diffusion coefficient D = 10-5 cm2/s, for which the cell is a perfect sink, the fractional increase in intake at the front half of the cell is approximately 5% (10) . This gain is largely offset by a decrease in intake at the back half of the cell. The rms fractional error with which a cell of radius a can count molecules (whether or not the cell is a perfect sink) decreases as 1/(aDct)l12, where c is the bulk concentration of ligand and t is the counting time (10) . Thus, if one reduces the radius of the detector a by a factor of 10, the precision decreases by a factor of (10)1/2 3. Therefore, from the point of view of counting statistics, one does not want to put all of one's receptors in an isolated patch. If E. coli chooses to do this, there must be another reason. The receptors of Caulobacter crescentus, a polarly flagellated organism, are clustered not at the front of the cell but at the back, near the flagellum (11). This might ensure tight receptor-f lagellar coupling. However, the flagella of E. coli are distributed widely over the surface of the cell.
Such reservations notwithstanding, the idea of a nose is intriguing and amenable to test. One simply marks cells so that one end can be distinguished from the other and asks whether front and back are randomized by tumbles and whether runs with the marker in front or back are of comparable length. If clustering of receptors is to provide an advantage at the level of sensory reception, then cell orientation must be tightly regulated. This question was not addressed in the original tracking experiments (1), where cells were treated as point particles. The marker should be cytoplasmic, so that it does not mechanically interfere with the flagella, and it should not inhibit chemotaxis. We chose tetrazolium red (12). When cells are grown in a well-buffered medium containing this dye, the dye is reduced, forming a red precipitate, usually near one end of the cell (see below). This does not inhibit motility or chemotaxis, since inclusion of this dye in media used when cells generate complex chemotactic patterns simply enhances their visibility (13) .
MATERIALS AND METHODS
Bacteria and Media. Smooth-swimming cells were strain HCB437, deleted for tar, tsr, trg, and genes encoding cytoplasmic chemotaxis proteins (14) . Wild-type cells were strain AW405 (15). A 0.1-ml aliquot of a stationary-phase culture [frozen in 10% (vol/vol) dimethyl sulfoxide] was added to 10 ml of tryptone broth containing 0.005% 2,3,5-triphenyltetrazolium chloride (Sigma) in a 10-ml Erlenmeyer flask and. grown for about 15 h at room temperature (22°C) without aeration. The cells were washed and resuspended in a motility medium containing 0.01 M potassium phosphate (pH 7.0), 0.1 mM EDTA, and 0.18% methylcellulose (Fisher 4000 cP, used earlier in tracking E. coli to enhance motility and reduce Brownian rotation Changes in Orientation on Tumbling. Next, the probability that a cell changes its orientation on tumbling was determined with wild-type strain AW405 using a similar preparation. Cells tended to swim into focus, tumble once or sometimes twice (as shown by abrupt changes in direction), and then swim out of focus (Fig. 1) They were never seen with smooth-swimming cells. The data for wild-type cells are summarized in total tracking time is larger than the time the mai at the head (H) plus the time it was seen at the tail it includes the time the cell was out of focus. VW cells spent the same amount of time H or T (e.g., 1 and 3), most did not. But this was not true beca of one type were much longer than those of ti rather because they differed in number. The m were roughly the same in either case, as were the distributions; only their areas varied. The distribi number 2 are shown in Fig. 2 . All distributions E imately exponential except for the paucity of sh4 expected for runs under conditions in which one ( such events (as judged by the criteria applied earli experiments). We conclude that a tumble occu1 probability regardless of the orientation of tE Therefore, the machinery that controls the direct lar rotation is not sensitive to cell orientation.
Why then do some cells run more often with t one orientation? One possibility is that when a and a bundle forms, it is more likely to form at o cell than at the other. This seems likely if the distribution of flagella over the cell surface is asymmetric. If flagella arise at random points, asymmetry will be common. A rough estimate can be made by dividing the cell in two (H or I) and flipping coins, i.e., by applying the binomial distribution. For example, if there are six flagella, the chance is 5/16 that they are distributed 3 and 3, 15/32 that they are 2 and 4, 3/16 that they are 1 and 5, and 1/32 that they are all at one end. In real life, the problem is more complicated, because the total number of flagella varies from cell to cell. A second possibility is that our experimental set-up favors observation of runs with the marker in the tail, since the cells in Table 1 
